 Table 1 
. Types of foreign compounds forming glucuronides
In the glucuronides, the hydrogen atoms in italics are replaced by the glucuronic acid residue, C6H906.
Group
General structure Example surprising if more than one transferase enzyme is involved in the conjugation of glucuronic acid with such a variety of aglycones. Table 2 lists some factors which influence glucuronic acid conjugation (for reviews see Dutton, 1966 Dutton, ,1971 ). The present paper will discuss the first three factors in the list, showing how a study of these can help answer the problem of the multiplicity of UDP-glucuronyltransferase. The question whether or not this transferase is one enzyme has not been resolved and is one of the major themes of this Colloquium. Particular attention will be given to species variations in glucuronide formation, which have been the subject of recent investigations in this laboratory in viuo.
(a) Species differences in glucuronidation
Glucuronide synthesis occurs in most mammals, birds, amphibians, some reptiles (see Williams, 1968) , and possibly in fish (Lech, 1973) . It seems likely, therefore, that all vertebrates are capable of forming glucuronides to some extent. In insects, glucuronic acid conjugation does not occur and these arthropods form glucose conjugates (see Smith, 1968) . Among the mammals, the cat is an exception, in that it has a defective glucuronic acid conjugation mechanism for some, but not all, glucuronidogenic substrates.
(i) Glucuronic acid conjugation in the cat. Robinson &Williams (1958) administered a number of glucuronidogenic foreign compounds (namely phenol, borneol, 4-methylumbelliferone, 2-amino-4-nitropheno1,8-hydroxyquinoline and 2-methoxybenzoic acid) to cats and examined the urine from these animals for glucuronides by chromatography. The results suggested that negligible quantities of the glucuronic acid conjugates of the administered compounds were excreted in urine.
Recently we have examined the fate of some radioactive labelled phenols (see Table 3 ) in the cat from the point of view of their conjugation with glucuronic acid and sulphate (Cape1 et al., 1972 (Cape1 et al., , 1974 . The major metabolites of phenol in urine of most mammalian species are phenyl glucuronide and phenyl sulphate, but in the cat phenol is eliminated mainly as sulphate conjugates. The glucuronic acid conjugation of phenol is not entirely absent in the cat, however, since very small but definite amounts of phenyl glucuronide were detected in urine (see Table 3 ). Similarly, 1-and 2-naphthol, morphine and 4-acetamidophenol (the phase I metabolite of phenacetin) are conjugated almost entirely with sulphate by the cat. No glucuronic acid conjugates of morphine were detected in cat urine, but Yeh et al. (1971) and Smith et al. (1973) have shown that the urine and bile of cats contain small amounts of morphine 3-glucuronide after administration of the drug. The carcinogen 2-acetamidofluorene is also excreted by cats to a small, but definite, extent (about 3 % of the dose) as glucuronides of hydroxylated metabolites, the major conjugates in urine being sulphates (12-16% of dose) (Weisburger et al., 1964) . Thus the cat has a defect in the conjugation with glucuronic acid of the abovexenobiotics, but this mechanism is not completely absent, since with these compounds it occurs to the extent of about 1-2 % of the dose. The deficiency appears to lie in the enzyme UDP-glucuronyltransferase, since cat liver is not lacking in UDP-glucuronic acid and UDP-glucose dehydrogenase (see Dutton, 1966) . Compared with the rat, 4-nitrophenol glucuronidation appears to be less efficient in the cat, since a much higher apparent K,,, was found for the UDP-glucuronyltransferase activity towards this phenol in the cat (Jansen & Henderson, 1972) . However, the cat is not poor at forming glucuronides with all phenols, since phenolphthalein glucuronide is the major metabolite in urine (60 % of the radioactivity found in the 24h urine; 16% of dose; see Table 3 ), of 3H-labelled phenolphthalein in this species. Moreover, after intravenous injection of phenolphthalein into bile-duct-cannulated cats, 13 % ofthedoseisexcretedinthe bilein3halmostentirelyasphenolphthaleinglucuronide (see Millburn, 1970 , 1973) . Some of these may be defective in some way in the cat, since one possible interpretation of the above findings is that the form of the enzyme conjugating phenolphthalein in the cat is different from the isoenzyme(s) required for the conjugation of the other phenols in Table 3 . Studies on the submicrosomal distribution of hepatic UDP-glucuronyltransferase in the rabbit (Gram et af., 1968) showed that UDP-glucuronyltransferase activity measured with phenolphthalein as substrate was equally present in rough-and smooth-surfaced microsomal preparations, whereas the activity towards Cnitrophenol and 2-aminophenol was located predominantly in rough-surfaced microsomal preparations. There are other observations that certain foreign compounds and endogenous metabolites are excreted as glucuronides by the cat. The radio-opaque compounds, iopanoic acid, tyropanoic acid and bunamiodyl are excreted in cat bile mainly as glucuronides (McChesney, 1964) . Chloramphenicol glucuronide was detected in cat urine after oral administration of the parent drug (Dill et al., 1960) . Bilirubin glucuronide has been identified in cat bile (see Lathe &Walker, 1958) , and thyroxine (Myant, 1966) and steroid hormones [e.g. progesterone (Taylor & Scratcherd, 1961) ; testosterone (Archer et al., 1965) ] are excreted as glucuronic acid conjugates in cat bile. Thus, although the cat is poor at forming glucuronides with a number of compounds, the glucuronidation mechanism appears to be important for certain other substrates. At present, the most reasonable conclusion to draw from the available evidence seems to be that the liver contains several distinct UDP-glucuronyltransferases and that the cat is deficient in one or more of these.
Other members of the Felidae may also be poor at forming glucuronides. Thus, lion cubs conjugate phenol almost entirely with sulphate, excreting 1 % or less of the dose in urine as phenyl glucuronide (R. L. Smith, personal communication) . Similarly, l-naphthylacetic acid, which is excreted mainly as its glucuronide (except in the cat; Dixon et al., 1974) forms none of this conjugate in lion cubs (French et al., 1974) .
(ii) N1-Glucuronide formation in primates. Some sulphonamide drugs are excreted by man as stable N1-glucuronides in which glucuronic acid is attached to the sulphonamide nitrogen (see Table 1 ). N1-Glucuronide formation is a major conjugation reaction of sulphadimethoxine in primates but not in lower animals (Adamson et al., 1970) . Thus, in nine species of primates the N'-glucuronide was a major metabolite in theurine, accounting for 30-66% of the material excreted in 24h. By contrast, in nine species of non-primates, this conjugate was a minor metabolite, accounting for only &19% of the drug metabolites excreted in urine in 24h. It is noteworthy that the cat did not excrete any sulphadimethoxine N1-glucuronide.
(6) Sex diflerences in glucuronide formation
Studies in vitro have demonstrated sex differences in UDP-glucuronyltransferase activity in rats, with males usually showing greater enzyme activity than females (see Dutton, 1966) . By contrast, studies on the conjugation of Chydroxyamphetamine have shown that glucuronide formation with this substrate is considerably greater in female rats than in males both in vivo and in vitro. Thus, female rats excrete 82% of a dose of Chydr~xy['~C]amphetamine in the urine in 24h as free and conjugated drug, 52 % as the free drug and 30% as 4-hydroxyamphetamine glucuronide (Sever et al., 1973) . In males the excretory pattern is markedly different, since 81 % of the dose is eliminated almost entirely as the free drug @OX), with traces of the sulphate conjugate (1 %) but no detectable glucuronide (Sever, 1974) . Further, the biosynthesis of 4-hydroxyamphetamine glucuronide by liver microsomal preparations from female rats is markedly greater than with those from males (Dingell et al., 1974) . Some glucuronidogenic compounds are therefore more readily conjugated with glucuronic acid by male than female rats, whereas the reverse is true for at least one other substrate. This may suggest that rat liver contains more than one UDP-glucuronyltransferase enzyme.
(c) Effect of strain on glucuronidation
Rats of the Gunn strain are deficient in conjugating bilirubin and some foreign compounds with glucuronic acid, although others such as 4-nitrophenol are glucuronidated. Jansen & Henderson (1972) did not detect any bilirubin-glucuronidating activity in homozygous Gunn rats even after treating them for several days with the microsomal enzyme inducer, phenobarbital. However, the formation of 4-nitrophenyl glucuronide was similar in hepatic microsomal preparations from Wistar and homozygous Gunn rats. Further, the 4-nitrophenol-glucuronidating capacity of Gunn rats was strongly enhanced by phenobarbital treatment. Jansen & Henderson (1972) interpreted their results as arguments in favour of the involvement of different enzymes in the glucuronidation of bilirubin and 4-nitrophenol.
The effect of the hepatocarcinogen, diethylnitrosamine, on glucuronide formation may also throw some light on the problem of the multiplicity of UDP-glucuronyltransferase. Diethylnitrosamine, either given in the drinking water to rats or added to liver preparations in vitro, increases the conjugation of 2-aminophenol with glucuronic acid (Greenwood & Stevenson, 1965) . Its effect is most striking onliver preparations from Gunn rats, since it increases 2-aminophenyl glucuronide biosynthesis to about the same enhanced value found in similarly treated preparations from normal rats (Stevenson et al., 1968; Mowat & Arias, 1970 ). It appears therefore that the UDP-glucuronyltransferase for 2-aminophenol in Gunn rats is not absent, but that the genetic defect in this strain of rats
